Abstract A good climatic analysis requires accurate and homogeneous daily precipitation series; unluckily, inhomogeneity is frequently found and have to be considered, especially when it is due to non-climatic parameters. CoRain is a free and open source software written in R language that could greatly help analyzing inhomogeneity caused by rainfall measuring instruments. CoRain compares two parallel rain series (with an overlapping period) and tries to highlight overestimations and underestimations due to rain gauges in a specific condition, so that the user can consider it for future analysis. CoRain offers many information on the two analyzed series, starting with cleaning input data, comparing them and classifying rainy days by severity. CoRain is a cross-platform software, easily adaptable to different needs, that takes in input a single text file with daily information of the two rain series and outputs tables (in CSV format) and plots (as PNG images) that help in the interpretation of the data. Use of the program is very simple: the execution can be either interactive or non-interactive. CoRain code has been tested on different rain series in the Piedmont region (northwestern Italy), showing its importance in identifying climate variations and instrumentation errors.
Introduction
Studying and analyzing extreme rain events, dry and wet periods or trends and return times can help in planning and containing the effects of the climate change Terzago et al. 2010 Terzago et al. , 2012 Terzago et al. , 2013 Zandonadi et al. 2016) . Availability of daily precipitation series is a necessary but not sufficient condition to make a good climatic analysis and to better understand extreme events (Mekis and Vincent 2011; Venema et al. 2013) . To make accurate climatic analysis we have to use homogeneous daily series of good quality (Acquaotta et al. 2009; Aguilar et al. 2003; Parker 1994; Peterson et al. 1998) . In this perspective several international projects are created, aimed at the promotion, recovery and exchange of meteorological series of high quality as the MEDARE initiative -MEditerranean DAta REscue (WMO 2012) , an international project born under the auspice of the World Meteorological Organization, with the main objective of developing, consolidate and progress climate data and metadata rescue activities across the Greater Mediterranean Region. Moreover, the importance of the meteorological data can be seen into many international dataset (ECAD -European Climate Assessment and Data, GCOS -Global Climate Observing System, GHCN -Global Historical Climatology Network…) where long instrumental climate records are available. These datasets are essential since they are the basis for assessing century-scale trends and can be used in the validation of climate models as well as detection and attribution of climate change at regional scale. The value of these datasets, however, depends strongly on the homogeneity of the time series. In fact, once climate change became an issue of central importance, some skepticism arose about the results of data analysis work, which frequently indicated sharp and determined changes in regional climates. It is now well recognized that variations in many long term time series are not only caused by changes in weather and climate, but also by changes in the positioning of the stations, changes in instruments, formulae used to calculate means, observing practices and station environment (Göktürk et al. 2008; Heino 1994; Karl and Williams 1987) . In addition, inhomogeneity in rain gauges precipitation measurements can be caused also by changes in wind-induced undercatchment, wetting losses (water adhering to the surface of the inner walls) and evaporation losses (Bodtmann and Ruthroff 1976; Sevruk and Zahlavova 1994; Sevruk et al. 2009 ); changes in instrument geometry, in the neighboring environment and in the methods of recording can also cause inhomogeneity due to undercatchment. The Commission for Instruments and Methods of Observation (CIMO) of the World Meteorological Organization (WMO) has recognized the need to conduct a series of comparisons of instruments in order to highlight and classify these discontinuities in precipitation recordings (Goodison et al. 1998; Lanza and Vuerich 2009; Sevruk and Klemm 1989) . CoRain software has the objective of highlighting and classifying dissimilarities in daily precipitation among different instruments for rain measuring, in addition to the analysis of the inhomogeneity caused by rainfall measuring instruments. It compares the candidate series (e.g.: a rain series coming from an old instrument) with the reference series (e.g.: the one recorded from a more recent and efficient instrumentation), evaluating mean errors between the two series and the overestimation or underestimation of a particular instrument in a specific condition (Baciu et al. 2005; Boroneant et al. 2006) . The information acquired with this program can improve the understanding of inhomogeneity and continuity of the series also allowing, in some cases, the correction of discontinuities. The development of efficient comparison method is very important for detection and correction of inhomogeneity because an accurate comparison of series can increase both the significance and the power of the correction factor estimated by homogeneity test. CoRain software has been written in R language (R Development Core 
Methodology
CoRain software uses an innovative analysis approach combining a set of well-known statistical tools and works in three steps ): (i) statistical analysis, (ii) comparison between the series and (iii) comparison between precipitation classes.
The statistical information calculated on each series are: the minimum value of precipitation, the 1st quantile, the median, the mean, the 3rd quantile, the maximum value, the number of missing values, the total number of values and the results of Shapiro-Wilk test (Acquaotta et al. 2009 Giaccone et al. 2015; Isotta et al. 2013) ; in addition to daily values, monthly values are also calculated for each series.
The second step is the comparison between the parallel series, using the overlapping period. In order to be able to make a direct comparison only between the recorded daily rain series, any values that were missing in one series were also set to be missing in its counterpart, to avoid modifying the series. Then the values lower than 1 mm were dropped (Wang et al. 2010) . A set of statistical tests were carried out to show the differences or the similarities between the series. The Student's T test allowed identifying if the series have the same mean, the Wilcoxon rank 1 https://github.com/UniToDSTGruppoClima/CoRain Fig. 1 Overview of the main steps and features of CoRain program -cleaning of data, comparison of rain series and organization in five classes test was used to establish if the series have the same median and the Kolmogorov-Smirnov test was used to see if the series have the same distribution. In addition, CoRain also applies the Kruskal-Wallis test, computes the root mean square error (RMSE) and the correlation using Spearman correlation coefficient. A p = 5% significance level was used for all the tests. In order to identify the months or seasons with the greatest differences, the percentage relative errors (Lanza and Stagi 2012) are also calculated from the monthly precipitation data. On this new variable, a statistical analysis is carried out, calculating the median, the 1st and the 3rd quantiles and the trends.
The third step allows identifying if the two rain gauges recorded the same precipitation events. The daily rain events were classified in five classes, weak, mean, heavy, very heavy and extreme. After that, the software estimates the number of common events included in these ranges and the maximum Systematic Error of the Precipitation measurement (SEP) is calculated for these events (Sevruk and Klemm 1989; Sevruk et al. 2009; WMO-CIMO 2008) .
Program requirements
Since R is an interpreted language, CoRain requires it to be executed, resulting in easy portability on different types of platforms and operating systems. It has been successfully tested under R versions 3.2.2 (Fire Safety) and 3.3.1 (Bug in Your Hair), both under Windows and Linux, but it is likely to run 0  1998  2  1  1  4  3  2  1  2  2  3  2  3   1999  0  0  2  3  3  2  6  2  3  9  3  0  2000  1  0  3  9  7  3  2  4  3 
Input file
The input of the program is a text file formatted with five TAB-separated columns. Two of the five columns are the rain series that are assumed to have already passed an external quality check, to highlight and remove incorrect values such as daily precipitation lower than 0 mm (Gonzalez-Rouco et al. 2001), for example. The first row of that file contains the headers of the columns (column names) while the first three columns contain year, month and day of the two series. Column four contains the values in mm/day for the candidate rain series and column five the values of the reference rain series; missing values are allowed if explicitly expressed as NA. Series in input file must start 1st of January and end on 31st December, possibly having at least 5 years of data (Vincent and Mekis 2009) . Attached with the program it is possible to find some examples of input files that could be used to execute CoRain and practice with it (see Online Resources from 2 to 7).
Program features and implementation
The program works in three consecutive phases, following what is described in paragraph 2: the first one is the cleaning of input data and computation of statistical analysis; the second one is the comparison between the two series and the last one is the comparison between the different precipitation classes. A graphical overview of these steps could be seen in Fig. 1 . Cleaning of input data and statistical analysis
First, a statistical analysis is carried out on the two series, the candidate one (column 4 of the input file) and the reference one (column 5). After this, the program removes all values with daily rain <1 mm, setting those values to NA, and then puts the same missing values on both series (where there is a NA in a series, it puts a NA on the other). The next part is the application of the previous statistical analysis on the new series obtained after the cleaning process. In this stage, in interactive mode, the program shows to the user a summary of the statistical analysis, asking if the user wants to proceed or, in case the cleaning process has been too aggressive (i.e.: has removed too many values), to stop the execution to review the input file. If the program is in non-interactive mode or the user agrees in going over, CoRain proceeds directly with the next step. The results of the statistical analysis are also reported in the CSV file 0_statistics_input_file.csv (see Table 1 ), both for the original input data and for the cleaned one (that Comparison between the cleaned series Comparison between five classes of precipitation events
CoRain application: A case study
Here we are going to present a case study where we applied CoRain software using all its features, described above. Boves is an Italian town located in Piedmont (northwestern Italy) with two neighboring weather stations, one manned and one automatic. The manned weather station is the older one; it started to record the rain in 1913 and it was closed in 2003. Brunet et al. 2006; Norway -Forland et al. 1998) , making the comparison between stations less accurate. These information can be used to highlight discontinuities among rain monitoring networks data, to enhance the Hard coded parameter (default +15%)
Upper limit of the maximum error boundaries, based on daily data of the reference series. In a future release of the program, this will be parameterized, specifying it in inside a BGlobal variables^section Err_neg_15
Hard coded parameter (default −15%)
Lower limit of the maximum error boundaries, based on daily data of the reference series. In a future release of the program, this will be parameterized, specifying it in inside a BGlobal variables^section
Err_pos_5
Hard coded parameter (default +5%)
Upper limit of the minimum error boundaries, based on daily data of the reference series. In a future release of the program, this will be parameterized, specifying it in inside a BGlobal variables^section Err_neg_5
Hard coded parameter (default −5%)
Lower limit of the minimum error boundaries, based on daily data of the reference series. In a future release of the program, this will be parameterized, specifying it in inside a BGlobal variables^section following homogenization tests correction. In this way, for example, it is possible to analyze non-climatic parameters that could alter real trends of meteorological series. The first step of CoRain has highlighted that the two series have an equal number of missing values (around 2% of the data) but, after the cleaning process of the daily values, only 10% of data (approx.) can be utilized (see Table 1 ). The statistical analysis shows great differences between the two series: for example, the mean, maximum value and quantiles are very different. The differences are confirmed by the statistical tests in step two (see Table 4 ). Kolmogorov-Smirnov test does not show similar probability distributions between the pairs of stations. The Student's T test and the Wilcoxon rank test does not highlight the same mean and median. The RMSE is also very high for these stations and the rank correlations is equal to 0.59. The monthly mean percentage relative error is equal to 10% (approx.); the largest differences were recorded in the winter months, where the mean monthly percentage relative error was 47% for December, 35% for January and 54% for February. The trend calculated on percentage relative error does not highlight a systematic long-term change in the quality between reference and candidate series (see Table 6 ). The analysis of precipitation events into classes shows in detail the differences between reference and candidate series (see Table 7 ): except for the weak class, the candidate series shows a greater total number of events. On average, the candidate series measures 36 events more. The greater difference is recorded for the very heavy events, with 59 events more than the candidate series, followed by the mean class with 30 additional events. Only for the weak class the reference series records a greater number of events (115 more). According to the characteristics of the area, the results obtained through the use of CoRain for these two series has shown major differences in the registrations of rain gauges data, thus indicating that the series cannot be joined without the application of a daily homogenization tests.
Conclusions and future work
Parallel measurements analysis is a critical step before performing climate analysis in order to identify non-climatic changes in climate records. This is especially true when working with precipitation, where the relative statistical homogenization is hampered by low cross-correlations between stations. The Parallel Observations Science Team is working on a large database with parallel station measurements of all the essential climatic elements in order to be able to study the characteristics of non-climatic changes in large sets as a function of the local climate (POST 2015) . Following these ideas, this study describes CoRain, a free and open source R software used to compare different rain series. CoRain has been tested on a large amount of series, mainly in the northwestern part of Italy and has shown ease of use, efficiency and quickness, requiring only a basic knowledge of R language. Being an open source software is very important for this program, since it could be easily modified and improved directly from the community of users, fitting most needs of climatologists and researchers. In this sense, users are encouraged to report bugs, feature requests or changes they make to the code, either directly to the authors or by using GitHub platform. In the future, if the software becomes popular, it could also be refactored as an R package and submitted to CRAN for easier and broader adoption. Furthermore, we are working to introduce new features in CoRain for the comparison of other meteorological parameters such as the temperature and we are investigating the comparison of CoRain results with other recent studies that empirically described the correlation of nearby spatial rain measurements (e.g.: Guenzi et al. 2016; Peleg et al. 2013) .
